The armadillo repeat serves as a scaffold for the development of modular peptide-recognition modules. In order to develop such a system, three crystal structures of designed armadillo-repeat proteins with third-generation N-caps (Y III -type), four or five internal repeats (M-type) and second-generation C-caps (A II -type) were determined at 1.8 Å (His-Y III M 4 A II ), 2.0 Å (His-Y III M 5 A II ) and 1.95 Å (Y III M 5 A II ) resolution and compared with those of variants with thirdgeneration C-caps. All constructs are full consensus designs in which the internal repeats have exactly the same sequence, and hence identical conformations of the internal repeats are expected. The N-cap and internal repeats M 1 to M 3 are indeed extremely similar, but the comparison reveals structural differences in internal repeats M 4 and M 5 and the C-cap. These differences are caused by longrange effects of the C-cap, contacting molecules in the crystal, and the intrinsic design of the repeat. Unfortunately, the rigid-body movement of the C-terminal part impairs the regular arrangement of internal repeats that forms the putative peptide-binding site. The second-generation C-cap improves the packing of buried residues and thereby the stability of the protein. These considerations are useful for future improvements of an armadillo-repeat-based peptiderecognition system.
Introduction
For the design of artificial peptide-binding modules, scaffolds with modular architectures are highly suitable. In particular, the armadillo repeat reveals structural properties that facilitate the design of peptide-binding modules on a rational basis (Andrade et al., 2001; Kajander et al., 2006; Boersma & Plü ckthun, 2011; Reichen, Hansen et al., 2014) . In natural armadillo-repeat proteins such as importin-and -catenin, each repeat comprises three -helices that are assembled in a triangular spiral staircase arrangement. All repeats are fused into a single protein with an elongated hydrophobic core (Figs. 1a and 1b) . They recognize their target peptides in extended -sheet conformations with very regular binding topologies. The main chain of the peptide is bound in an antiparallel direction by conserved asparagine residues on the concave side of the armadillo-repeat protein (Huber et al., 1997; Conti et al., 1998; Kobe, 1999; Fontes et al., 2003) . Differences exist in side-chain preferences because the importin-and -catenin subfamilies recognize peptides with positively and negatively charged side chains, respectively (Conti & Kuriyan, 2000; Ishiyama et al., 2010; Poy et al., 2001) .
It is the goal of this protein-engineering project to develop a stable full-consensus armadillo-repeat scaffold. Internal repeats with identical sequences are characteristic of fullconsensus designs. Later, the internal repeats will be functionalized to recognize different amino-acid side chains.
The modularity of the design, which is imposed by the repetitive architecture, should enable us to generate artificial peptide-binding proteins with properties that are precisely tailored according to the length and sequence of the target peptide (Parmeggiani et al., 2008; Reichen, Hansen et al., 2014) . Binding proteins with sequence-specific recognition properties for unstructured peptides should be of great interest in research and development because peptide-protein interactions represent 15-40% of all cellular interactions (Petsalaki et al., 2009) . Here, many protein-protein interaction scaffolds are unsuitable because they recognize targets based on surface-complementarity properties and thus require a folded counterpart. Conversely, many recognition modules used in intracellular signalling recognize only very short sequences and thus have very low affinity (Pawson & Nash, 2003) . Indeed, specific peptide-protein interaction strategies are required to cope with the intrinsic flexibility of unstructured peptides (London et al., 2010) .
The first designed armadillo-repeat proteins (dArmRPs) were constructed using a consensus design approach based on 133 and 110 sequences from the importin-and -catenin subfamilies, respectively, in combination with structure-aided modifications of the hydrophobic core (Parmeggiani et al., 2008) . They possess the overall composition Y z M n A z , where Y, M and A represent the N-terminal, internal and C-terminal repeats, respectively. The subscripts denote the generation (version) count (z) and the number of internal repeats (n) in roman and arabic numbers, respectively. Since structure-based techniques are vital for this design approach, several structures of proteins from the Y II M n A II and Y III M n A III series have been determined. Initial crystal structures of dArmRPs with second-generation N-and C-caps revealed domain-swapped N-caps, suggesting that the Y II -type N-cap was unstable in solution. To improve the thermodynamic stability of the caps, nine and six mutations were inserted in the N-and C-caps, respectively. These modifications had complementary effects on the thermodynamic stability of the proteins. Introduction of the third-generation N-cap (Y III -type) increased the melting temperature by 4.5 C, but the modifications in the C-cap (A III -type) decreased it by 5.5 C (Madhurantakam et al., 2012) . The thermodynamic stabilities of dArmRPs that have so far been designed in this project have been summarized in Reichen, Hansen et al. (2014) .
Although the initial crystal structures of His-Y III M 3 A III and His-Y III M 3 A II revealed monomeric proteins (Reichen, Madhurantakam et al., 2014) , later studies on Y III M 5 A III (third-generation N-cap and C-cap) without an N-terminal His tag revealed domain-swapped N-caps and C-caps in the presence of calcium ions. However, domain swapping of Y III M 5 A III was not observed either in the absence of calcium ions or in the presence of the His tag because the His tag prevented the unfolding of the N-cap by binding to the neighbouring His-Y III M 5 A III molecule (Reichen, Madhurantakam et al., 2014) . To investigate the impact of the cap design on the structural parameters of dArmRPs, particularly in the absence of the His tag, we investigated the crystal structures of the more stable dArmRPs with third-generation N-caps and second-generation C-caps.
Materials and methods
2.1. Cloning, protein expression and purification dArmRPs with cleavable and noncleavable N-terminal His 6 tags have been expressed and purified as described by Reichen, Madhurantakam et al. (2014) with the following modifications: vectors pPank and p148_3C were used for the expression of proteins with and without a cleavable His 6 tag, respectively. The initial designs had noncleavable His 6 tags, but in order to facilitate the elimination of the purification tag, a 3C protease cleavage site was inserted between the His 6 tag and the N-terminus of the N-cap. The amino-acid sequences of the internal and capping repeats are depicted in Fig. 1(c) . The proteins comprise third-generation N-caps, secondgeneration C-caps and four or five internal repeats. All three constructs are full-consensus designs, with internal repeats derived from the M-type internal repeat described in Alfarano et al. (2012 Reichen, Hansen et al. (2014) . Protein solutions were mixed with reservoir solutions in 1:1, 1:2 or 2:1 ratios (200-300 nl final volume) and the mixtures were equilibrated against 50 ml reservoir solution at 4 C. Reservoir conditions are summarized in Table 1 . After washing, the crystals in reservoir solutions supplemented with glycerol were flashcooled in liquid nitrogen.
Data were collected on beamlines X06SA and X06DA at the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland) using a Pilatus detector (Dectris, Baden, Switzerland) and a wavelength of 1.0 Å . Diffraction data were processed using MOSFLM (Leslie, 1992) and SCALA (Evans, 2006) . Structures were solved by molecular replacement using Phaser ( (Katz et al., 1996) . In His-Y III M 4 A II the coordination geometry of calcium differs among ions that are bound to internal or capping repeats. Ca 2+ ions that bind to internal repeats are contacted by Pro 23 O and Glu 25 OE1 from two symmetry-related chains (superscripts indicate the position in the repeat as indicated in Fig. 1c ) and three water molecules (Fig. 2b) (Fig. 2c) . Thus, the replacement of glutamic acid at position 25 by glutamine in the N-cap displaces one water molecule and allows Glu 25 to serve as a bidentate ligand. This observation agrees well with previous data on the statistics of calcium binding, in which it was shown that bidentate binding of carboxylate groups to calcium is particularly prevalent if the coordination number is greater than six (Katz et al., 1996) and five water molecules (Fig. 2d) (Trp201) from the fourth internal repeat and Glu 33 (Glu243) from the C-cap (Fig. 3a) . Besides the salt bridges between histidine and glutamic acid side chains, the aromatic stacking interaction between His6 and Trp 33 might contribute significant binding energy because the spatial orientation of side chains seen here is frequently found in protein structures (cluster 4 of His-Trp interactions in the atlas of protein sidechain interactions; Singh & Thornton, 1992 (Fig. 3b) , whereas in chains A/B the side chain of Glu198 intercalates between internal repeats 3 and 4 and forms a hydrogen bond to the side chain of Gln68 from chains B/A (similar to the interaction shown in Fig. 3a for His-Y III M 4 A II ). As a consequence of this asymmetry, two calcium ions close to the twofold axis, which are present in all four chains of His-Y III M 4 A II (Fig. 2d) . This movement can be described as an 8 rotation around an axis that runs parallel to the stacking direction of the C-terminal part and is probably a consequence of different side-chain conformations of Leu158, Trp159, Glu198 and Trp201 at the interface between M 3 and M 4 (Fig. 3c) around an axis that runs approximately parallel to the axis of the superhelix (Huber et al., 1997) .
Thus, dArmRPs with second-generation C-caps and thirdgeneration N-caps possess substantial flexibility, particularly for the side chains of Glu 30 , Leu 32 and Trp 33 (equivalent to Glu156, Leu158 and Trp159 in repeat M 3 and Glu198, Leu200 and Trp201 in repeat M 4 ). Experimental structural data for importin-in complex with nuclear localization sequence (NLS) peptides (Conti et al., 1998) and modelling studies on dArmRPs-peptide complexes (Reichen, Hansen et al., 2014) indicate that the superhelix parameters and the conformations of Glu 30 and Trp 33 , which also participate in binding the His 6 tag as outlined above, are important structural features for proper binding of the target peptide. In a first approximation, the curvature of the peptide-binding site can be described by the distances of C atoms at position 33. In the major NLS peptide-binding site of importin-(PDB entry 1bk6; Conti et al., 1998) -atom distances is extremely large, with the largest distance observed between repeats M 3 and M 4 (the distances between Trp159 CA and Trp201 CA are 9.42 Å in chain A and 9.43 Å in chain B). This distance is probably too large for binding the target peptide in the desired conformation and this mismatch is located almost at the centre of the putative peptide-binding site. It is possible that this mismatch is responsible for the fact that the (KR) 5 peptide was not observed in the electron-density map, although it was present during crystallization. Interestingly, the rigid-body movement of the C-terminal part as seen in His-Y III M 4 A II (all chains) and His-Y III M 5 A II (chains C/D) brings this value to the other extreme. Here, the distance of Trp 33 C atoms between repeats M 3 and M 4 is 8.14 AE 0.06 Å , which might be too short for proper binding.
Although Y III M 5 A II is considered to be a full consensus design regarding the sequence of internal repeats, the internal repeats are not identical in terms of structure. These differences can be exerted either by different lattice contacts (Figs. 3a and 3b) (Fig. 1c) , with subscripts indicating the internal repeat number or the C-cap. Side chains of all residues that differ between Y II and Y III and some residues from the hydrophobic core are shown in stick representation. The superposition is based on all C atoms from M 5 .
Of course, surface-exposed side chains (such as Trp 33 and Glu 30 ) also adopt different rotamers, but it can be assumed that these differences affect inter-repeat distances to a minor extent because the environments of surface-exposed side chains are usually less densely packed than the environments of buried side chains. However, some side-chain conformations of buried and surface-exposed residues are coupled. (Fig. 3d) . Only Trp243 in chain B deviates from this general observation.
Comparison of dArmRPs with second-generation and third-generation C-caps
The crystal structures of Y III M 5 A III with and without a His 6 tag and third-generation C-caps have been published recently (Reichen, Madhurantakam et al., 2014) . Y III M 5 A III without a His 6 tag but crystallized in the presence of calcium revealed domain-swapped N-and C-caps. Since Y III M 5 A II without a His 6 tag and a second-generation C-cap did not crystallize in the presence of calcium, it remains unclear whether the redesign of the C-cap was responsible for calcium-induced domain swapping.
Interestingly, Y III M 5 A III also shows an extended distance between Trp 33 C atoms of internal repeats M 3 and M 4 (distance between Trp159 CA and Trp201 CA of 8.86 Å ), a short distance between Thr202 OG1 and Leu158 CD2 of 3.91 Å and no electron density for the (KR) 5 peptide, although it was present during crystallization (Reichen, Madhurantakam et al., 2014) . On the other hand, Leu158 shows the gauche À /trans side-chain conformation, which is trans/gauche + in Y III M 5 A II , probably because Glu198 forms an additional hydrogen bond to Gln155 O (Fig. 4a) .
For dArmRPs with three internal repeats it was shown that the redesign of the C-cap (from A II to A III ) decreases the melting temperature by 5.5 C (Madhurantakam et al., 2012) , and a domain-swapped C-cap was observed for Y III M 5 A III (Reichen, Madhurantakam et al., 2014 based on the last internal repeat suggests that this destabilization might be owing to subtle rearrangements in the hydrophobic core between internal repeats M 4 and M 5 and the C-cap. Three out of six mutations that were introduced at the C-cap are solvent-exposed and do not seem to have a significant effect on the structure. However, Lys 15 !Ala, His 22 !Ser and Leu 38 !Ile mutations cause a gentle rearrangement of the C-cap (Fig. 4b) . This rearrangement has implications for the packing of side chains in the hydrophobic core. (Fig. 3d) . Uniform distributions of rotamers are frequently observed in polypeptides with very high thermodynamic stabilities, such as amyloid fibrils (Nelson et al., 2005) and -helix proteins (Schulz & Ficner, 2011) . Therefore, it can be assumed that the uniform distribution of side-chain rotamers is related to the stability of dArmRPs and vice versa. On the other hand, the deterioration of uniformity, as caused by the third-generation C-cap, is linked to destabilization of the protein.
In conclusion, this detailed investigation of the different versions of dArmRPs has shown that small differences in packing between repeats, notably between internal repeats and the caps, can make the protein susceptible to perturbations caused by crystal contacts and ions used in crystallization, indicating a lack of rigidity. This leads to a surprising long-range effect of changes in the C-cap and helps to explain the astonishing observation that a full-consensus design does not necessarily generate a unique repeat conformation. Although the internal repeats are chemically absolutely identical, their conformations lack uniformity. The current analysis suggests that future improvements of an armadillorepeat-based peptide-recognition system will have to take three considerations into account. (i) In particular, the deletion of the His tag seems to be crucial for liberating the presumed peptide-binding site. (ii) The second-generation C-cap presented here seems to be superior to the thirdgeneration C-cap, which was initially believed to be more advanced. (iii) The choice of amino acids at the inter-repeat interface, particularly at positions 27, 32 and 34, should be reconsidered because the side chains at these positions show substantial conformational heterogeneity.
